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ORIGINAL PAGE IS
OVERVIEW OF POOR QUALITY

The NASA Langley Research Center has asseambled a tlexible arid on whith
control systems research can be accomplished on a two-dimensional
structure thai has many physically distributed sensors and actuators,
The grid is a rectangular pianar structure that 1s suspended by two
cables attached to one edge so that out of plane vibrations are normal
to gravity. There are six torque wheel actuators mounted to it so that
torque is produced in the grid plane. Also, there are s1x rate gyros
mounted to sense angular motion in the grid plane and eight
accelerumeters thet measure linear acceleration normal to the grid
plane. All components can be relocated tu meet specific control system
test reguirements, Digilal, analeg , and hybrid centrol systems
capability 1s provided in the apparatus.

To date, research on this grid has been conducted in the areas of systen
and parameter i1dentification, modal estimation, distributed modal
control, heirarchial adaptive control, and advanced redundancy
management algorithms, The presentation overviews each technigue

and will present the most significant results generated for each area.
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ORIGINAL PAGE 5

UALITY
GRID SIMULATOR MODEL OF POOR Q

A srmuialor
development of algorithms to be tested on the griao,
mudel ing 16 used o géneratw mode shapes and {recuencies for use in the
simulator and in control system desiygn models. The ¢rid 1s modellied
wath B8 npde poinle end the cable suppurt with &, Only ovl of plane

mution 18 considered.

is available for interested researchees Lo use 1n . the
Finmite element
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GRID SIMULATOR MODEL
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ARCHITECTURE OF THE GBRID SIMULATOR

The finite element analysis is cerried cut wilh & software package
called SFAR which is available on the LaRD mainframe computer complex.
This package generaies printed and grephical outpul as well tiles
resident oo the computer comples used to transier data etficiently to
the batch simulator, The batch simuleter 1s used beth in the simulation
mode and in conirol system desiun, e€.g. to talculete optimal feedback
gaine and filter constants for a desigi.

The sinulator has pricted and graphical output es well as output

files refiecting control system design constants, These files can be
transferred to the laboratory via high speed serial communication where
the control law can be tested with the laboratory apparatus. The
laboratory computer is a Charles River Data Computer with & UNIYX
lookalike operating system calied UNGS.

All operations on the simulator and the laboratory apparatus can be
carried out from remote sites, As an example, guest reusearchers at OJhio
State University have successfully tested & heirarchial control law fronm
their campus at Columbus, OH.

Some signiticant algorithms and results will now be described.

ORIGINAL PAGE I3
OF POOR QUALITY
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SYSTEM IDENTIFICATION USING
LEAST SGUARE LATTICE FILTERS

The least square lattice filter has been used to determine mode shapes
and freguencies of Lhe grid apperatus. Records of the unforced response
of the grid at several frequencies were made and frequency and damping
and mude shape infurmation was enpirically determined hy post-processing
the records using the lattice filter. The filter is an exact, order
rezursive, least square solution of the linear least square estimation
problem. Althaugh the form of the filter is not linear, there is a
simple method of exiracting the coetficients of the linear ARMA model
form from the lattice filter model. This is done by obtaing the
response of the identified lattice filter to the input sequence
{1,0,0,...,,0, Deciding the proper order ot the model given the input
data is also required. This has been done by graphing the norm of the
model error and selecting the model order as the lowest whose error norm
ie less than a given threshold., The application aof the lattice filter to
the grid is presented in:

Mantgomery, R. C. and N, Sundararajan: The Application of Least Square
Lattice Filters for Identifying the Dynamics of a Two-Dimensional Grid
Structure. Journal of Astronautical Sciences, Vol. 33, No. I,
January-March 1985, pp. 35-47.

ORIGINAL PAGZE i3
OF POOR QUALITY
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FAILURE DETECTION AND CONTROL SYSTEM RECONFIGURATION

Research on advanced failure detection and system reconfiquration
methods has also been accomplished on the grid apparatus. Because of
the computational limitations parallel optimal decision theory methods
{e.g. banks of Kalman filters operating in parallel using different sets
of input data) could not be investigated and a scheme employing
sequential testing was developed. In this scheme a bank ot Kalman
filters is used, however, only one is on-line at a time. The decision
to switch to another filter is made by examining the residuals of the
operating filter using the sequential probability ratio test (SFRTI.
Which filter to switch to is determined by the SPRT interpreter. This
research is reported in:

Williams, J. P, and R, C. Montgomery: Failure Detection and
Accommodation in Structural Dynamics Systems Using Analytic Redundancy,
24th IEEE Conference on Decision and Control. Ft. Lauderdale, FL,
December 11-12, 1985, pp. 906-910.

ORIGINAL PAGE i
OF POOR QUALITY
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SEQUENTIAL PROBABILITY RATIO TEST (SPRT)

The sequential probability ratio test (SPRT) makes a selection of ane
trom two possible decisions. It is an optimal binary decisior test that
makes the decision in the least number of observations. It is used with
the innovations sequence of the active Kalman filter to decide betweer
the two decisions: the sequence is Gaussian with zero mean and gi.en
variance or, the sequence is Gaussian with mean m and given variance.
The former case corresponds to the hypothesis of no failures whereas the
later corresponds to a failure being present in the system. When a
failure is detected the innovation sequence is examined to isolate tha
tfailed component.

ORIGINAL PAGE i
OF POOR QUALITY
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ORIGINAL PAGZ I3
OF POOR QUALITY

FAILURE DETECTION AND RECONFIGURATION

The figure shows time histories of on-line failure detection using the
SPRT algorithm to detect a failure. Depending on the input data, each
time a SPRT is started the decision variable will drift from 1ts intt:al
value of zero towards the decision thresholds. The time required to
reach and cross aone of the thresholds is the decision time. This ;3 4
theoretical minimum for the SPRT algorithm. A tendancy of the decisicn
variable to drift to the failure threshold can be caused by modelling
errors or other events that make the residual (or innovations sequence)
nan-white. In application to structural dynamics systems one obvious
cause is spillover of unmodelled structural modes into the residuals,
The assumption here is that the cause is a failure of a sensor or
actuator. Each time a "no failure" decision is made a new SPRT is
started. Following a "failure" decision the residuals are examined to
determine which failure, if any, caused the alarm. After successful
isolation of the failure, a new filter, designed to operate without thes
failed compenent, is used.

For the example of this histogram only sensor failures are considered.
Also, the "no failure" threshold is pasitive and the "failure" threshold
is negative. At the start of the histograms there are no failures.

Note that the residuals are non-white and that they cause a delay in the
decision time since the decisian variable drifts toward the "failure"
threshold. As time progresses the effects of tnitializing the kKalwan
tilter decay and the non-white nature of the residual 15 smaller. The
SPRT in this case makes the decision rapidly without a tendancy of the
decision variable to move toward the "failure" decision. 1In the later
phase cof the histogram a failure is injected into ths system., It is
detected and isolated and a new filter is initialized that is designed
without the failed sensor. The sawtooth wave near the end of the
histogram indicates successful recovery of the svstem from the failure,
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DECENTRALIZED ADAPTIVE CONTROL STRUCTURE

A decentralized adaptive control scheme was remotely tested on the
Langley grid apparatus from the Ohio State University. The adaptive
control scheme investigated considers a group of linear subsystems
consisting of linear state dynamics with coupling to the other
subsystems, a mepasurement, and an actuator. Each subsystem has a !inear
controller with a gain on its measured subsystem state, on *the input,
and on the error between the actual subsystem state and its referunce
state as generated by a reference model in response to the input. The
gains are driven by adaptation logic that is the subject af the
research,

A more complete description of this research is reported in:

Dzquner, U., Yurkovitch, S., Martin, dJ4., I1l, and F. Al-Abbass:
Decentralized Control Experiments on NASA's Flexible Grid. Froceedinus
of the 1986 American Control Conference, Volume II, pp. 1045-10S1.
Seattle, WA, June 19,1984,
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DECENTRALIZED ADAPTIVE CONTROL OF THE GRID

This chart shows simulation time histories of the rate gyro ?utputs and
the angle estimates on the Langley grid. The controllerlxs the S
decentralized adaptive controller previously descrived wherein ?muw ?u‘-
was considered as a separate subsystem. The controller ts stable 2nd
produces damping in all simulated nodes.
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SUMMARY

The Langley grid apparatus has been used in the conduct of research in
several areas of interest in the control of large flexible spacecraft.
These include system identification, modal estimation, distributed modal
contral, heirarchial adaptive control, and advanced redundancy
management techniques. Some of these research areas have been described
herein. The grid will continue to be available over the next several
years providing the academic community oportunities for research that
are not available at most universities. The remote testing capability
of the facility allows researchers the use of realistic hardware to
validate their theories from their own remote site,
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